We performed a genome-wide analysis of gene expression in primary human CD15 ؉ myeloid progenitor cells. By using the serial analysis of gene expression (SAGE) technique, we obtained quantitative information for the expression of 37,519 unique SAGE-tag sequences. Of these unique tags, (i) 25% were detected at high and intermediate levels, whereas 75% were present as single copies, (ii) 53% of the tags matched known expressed sequences, 34% of which were matched to more than one known expressed sequence, and (iii) 47% of the tags had no matches and represent potentially novel genes. The correct genes were confirmed by application of the generation of longer cDNA fragments from SAGE tags for gene identification (GLGI) technique for high-copy tags with multiple matches. A set of genes known to be important in myeloid differentiation were expressed at various levels and used different spliced forms. This study provides a normal baseline for comparison of gene expression in myeloid diseases. The strategy of using SAGE and GLGI techniques in this study has broad applications to the genome-wide identification of expressed genes.
H
ematopoietic cells undergo an extensive process of differentiation starting from stem cells and going through commitment to a particular lineage and maturation. A number of genes expressed in a time-restricted manner in the genome control the process of differentiation. Alterations of regulatory pathways in pathologic conditions can change normal gene expression resulting in cellular transformation. Knowledge of the pattern of gene expression in normal hematopoietic cells is necessary for an understanding of the genetic regulation of normal hematopoietic differentiation and thus leads to insights regarding the consequences of gene alteration in hematopoietic diseases.
Myeloid cells originate from stem cells, become committed granulocyte-monocyte stem cells, and differentiate to myeloblasts, promyelocytes, myelocytes, metamyelocytes, and segmented neutrophils (1) . Deregulation of myeloid differentiation is associated with many hematologic diseases such as myeloid leukemia (2) . To understand gene expression during myeloid differentiation, we performed a systematic survey for characterizing the pattern of normal gene expression in primary human CD15 ϩ myeloid progenitor cells through the serial analysis of gene expression (SAGE) (3) and generation of longer cDNA fragments from SAGE tags for gene identification (GLGI) technique (4) . The data reveal many particular features of gene expression in myeloid progenitor cells, and they provide a reference for further studies of various diseases within this lineage including myeloid leukemia.
Materials and Methods
Isolation of Myeloid Progenitor Cells. Human bone-marrow mononuclear cells were obtained from the Poietics Company (Gaithersburg, MD). These cells were isolated from bone marrow with Ficoll͞Paque solution and stored in liquid nitrogen. Cells from three donors were thawed at 37°C, pooled, and used immediately for the isolation of myeloid progenitor cells with CD15 magnetic beads (Dynal, Oslo, Norway) according to the manufacturer's protocol. The purity of isolated cells was greater than 95% as confirmed through fluorescence-activated cell sorter analysis.
Synthesis of cDNA. The cells isolated by CD15 magnetic beads were lysed directly with TRIzol reagent (Life Technologies, Rockville, MD) for isolation of total RNA according to the manufacturer's instructions. mRNA was purified from 5 g of total RNA with oligo(dT) 25 beads (Dynal) following the manufacturer's protocol. cDNA was synthesized with a cDNA synthesis kit (Life Technologies) according to the manufacturer's instructions with the following exceptions. (i) To prevent the inclusion of poly(dA͞dT) sequences in the cDNA templates, 5Ј-biotinylated and 3Ј-anchored oligo(dT) primers were used for reverse transcription (5): 5Ј-biotin-ATCTAGAGCGGCCGC-T 16 A-3Ј; 5Ј-biotin-ATCTAGAGCGGCCGCT 16 G-3Ј; 5Ј-biotin-ATCTAGAGCGGCCGCT 16 CA-3Ј; 5Ј-biotin-ATCTAGAG-CGGCCGCT 16 CG-3Ј; 5Ј-biotin-ATCTAGAGCGGCCG-CT 16 CC-3Ј. (ii) To increase the cDNA yield, the reaction for first-strand synthesis was repeated three times under the following conditions: the primary reaction was run at 37°C for 30 min, heated at 60°C for 3 min, and run again at 37°C with the addition of 2 l of Maloney murine leukemia virus reverse transcriptase. SAGE Procedures. SAGE was performed according to the SAGE protocol (3) with the following modifications. (i) We performed a low-cycle PCR to amplify the 3Ј cDNA to generate a sufficient amount of templates for SAGE analysis from a limited RNA sample. The sense primer used was SAGE primer 1 (GGATT-TGCTGGTGCAGTACA) or SAGE primer 2 (CTGCTC-GAATTCAAGCTTCT); the antisense primer used was 5Ј-ACTATCTAGAGCGGCCGCTT-3Ј, which was located in the 3Ј end of all cDNAs generated from the anchored oligo(dT) primers.
(ii) The BsmFI-released fragments containing the SAGE tags were gel purified before being used for ditag formation and concatenation to provide high-quality tags for SAGE analysis. SAGE-tag sequences were collected with the Big-Dye sequencing kit and ABI377 sequencer (Perkin-Elmer Applied Biosystems), and tag sequences were extracted with SAGE 300 software.
Bioinformatic Analysis. A reference SAGE-tag database was constructed from the UniGene Human database (release 127) representing most of the known human expressed sequences in GenBank. The conditions used for determining SAGE tags in sequences included (i) the orientation of each transcript, (ii) the presence of a poly(A) signal (AATAAA or ATTAAA), (iii) the presence of a poly(A) tail, and (iv) the presence of the last CATG cleavage site in the sequence (6) . All SAGE tags extracted from the reference sequences were used for building the reference SAGE database. A computational program, GIST (Gene Identification and Sequence Topography), was developed for matching experimental SAGE tags against the reference SAGE database (www.hpcl.cs.uchicago.edu͞gist͞) for identifying potential corresponding genes for each SAGE tag. Sample tags that matched reference tags exactly were called ''matched tags''; unmatched tags were called ''novel tags'' including from singlebase mismatch till no match for all 10 bases.
Gene Confirmation Through GLGI Technique. A high-throughput GLGI procedure was used for converting SAGE tags into their corresponding 3Ј cDNA (ref. 4 ; J.J.C., S.L., G.Z., and S.M.W., unpublished data). Briefly, we used a SAGE-tag sequence to design the sense primer (5Ј-GGATCCCATGxxxxxxxxxx-3Ј), and the sequence (5Ј-ACTATCTAGAGCGGCCGCTT-3Ј) at the 3Ј end of all of the cDNAs, which was incorporated during the reverse transcription from the anchored oligo(dT) primers, was used as the antisense primer. The same 3Ј poly(dA͞dT) Ϫ cDNA sample used for SAGE analysis was used as the template. Platinum Taq polymerase (Life Technologies) was used for GLGI amplification. The amplified fragments were cloned into TOPO TA vector (Invitrogen) and sequenced with M13 reverse or forward primers. All steps were performed in 96-well format. Each sequence was matched through BLAST to the GenBank NR (nonredundant) or human expressed sequence tag (EST) databases (http:͞͞www.ncbi.nlm.nih͞BLAST͞). We used the accession numbers of the matched sequences to search the UniGene database for identification of the corresponding UniGene cluster number.
Results

Distribution of the SAGE Tags and Match of SAGE Tags to Known
Expressed Sequences. A total of 37,519 unique SAGE tags were identified from 99,369 individual SAGE tags. Among the 37,519 identified unique tags, 75% were single copies, 19% were between five and two copies, 4% were between nine and five copies, 2% were between 99 and 10 copies, and only 0.2% of tags were present in more than 100 copies ( Table 1) . Comparison of these 37,519 SAGE tags to the SAGE database showed that 53% of the tags matched known expressed sequences including known genes and ESTs, and 47% of the tags had no match. Analysis of the matched and novel tags showed that tags present in high copies had a high percentage of matches to known expressed sequences, whereas the majority of the novel tags were concentrated in the low-abundance class, especially those with a single copy ( Table 1 ).
The Problem of Multiple Matches for SAGE Tags. Among the 19,899 matched tags, 6,776 (34%) were matched to multiple sequences. The distribution of tags with multiple matches paralleled the abundance of SAGE tags ( Table 2 ). The total number of tags with matches (19,899) was considerably less than the total number of clusters matched by these tags (36,156) because of the multiple matches. This difference primarily was due to the number of matched EST clusters, which was 2.2-fold higher than the number of tags matched to ESTs (Table 3) .
Genes Highly Expressed in Myeloid Progenitor
Cells. There were 90 SAGE tags with more than 99 copies. All 59 highly expressed SAGE tags with multiple matches were analyzed with the GLGI technique for identification of the corresponding genes (Table  4) . A total of 35 ribosomal protein genes were present among these highly expressed genes. Among the 49 genes with various functions, some were highly expressed ubiquitously in various cell types including eukaryotic translational elongation factor 1, ferritin heavy chain and light chain, and translational-controlled tumor protein (6) . Some may play a role in myeloid differentiation. For example, MRP14 (779 copies) has been identified as a regulator of differentiation of human myelocytes and monocytes (7). Thymosin-␤4 (301 copies) is involved in the differentiation of lymphocytes, macrophages, and granulocytes (8) . Dual-specificity phosphatase 1 (254 copies) is a protein-tyrosine phosphatase involved in the cellular response to environmental stress (9) . FOS (207 copies), an important transcriptional factor, is expressed highly in the myeloid progenitor cells. Together with JUN, FOS plays an important role in regulating the expression of many genes (10, 11) .
Genes Important for Myeloid Differentiation. We analyzed the level of expression of a set of genes considered to be important for myeloid differentiation. We used the UniGene clusters for these genes to search for the SAGE tags potentially derived from these genes in our SAGE-tag collection. Because most of these genes have been cloned, our searches focused on the mRNA sequences rather than ESTs. Several patterns of matches were found: a tag can match a unique cluster for a gene or match several clusters representing several genes. For example, tag AGAAGCCGTG for CD11b matched a single cluster (Hs.172631), and tag TG-GAAAGTGA for FOS matched four clusters (Hs.25647, Hs.187890, Hs.18127, and Hs.214906). In addition, several tags matched the same cluster, e.g., four different tags matched the MLL gene cluster. The power of GLGI is illustrated by our analysis of the SAGE tags matched to the FOS and MLL genes. Of the four possible unique clusters in the database matched by TGGAAAGTGA, FOS was identified by GLGI to be the correct gene. In contrast, for tags that matched MLL, the tag TG- The number within parentheses is the percentage of the tags among the total tags in each group. (Table 5 ). Of great importance is the fact that four SAGE tags were shown not to be the genes initially assumed from the cluster analysis. These genes were expressed at various levels ranging from high to single copies. Several of these expressed genes existed as different splice variants, e.g., FOS had three, and JUN had two different splicing variants. Among the seven tags that could not be confirmed by GLGI, some were artifacts of PCR amplification as confirmed by the lack of CATG in the 5Ј end of the matched sequences such as JUNB. Some genes considered to be involved in myeloid differentiation were not detected in this study, including PU.1 and HOX A9 (12) . (ii) Although monocytic cells are also CD15 ϩ , these cells constitute only 0.3% of bone-marrow cells. The potential contamination by these cells in the purified myeloid progenitors is minimal. In contrast, more than 50% of bone-marrow cells are myeloid cells (13) . (iii) CD15 is not expressed on erythrocytes, platelets, or T and B cells (13) . Therefore, these cells were not included in the purified cells.
Distribution of Matched and Novel SAGE Tags in the Collection. The distribution of SAGE tags indicates that in myeloid progenitor cells as in other cell types, a small number of genes is expressed at high levels, and the majority of genes are expressed at lower levels (6, 14) . Matching the unique tags with known expressed sequences shows that most of the matched tags are present at higher copy levels, whereas a large proportion of tags at low copy levels have no match to known expressed sequences. This finding indicates that the known expressed sequences identified thus far largely represent the genes expressed at higher levels, and a large number of genes expressed at low levels remain to be identified.
Specificity of SAGE Tags for Gene Identification.
The match of SAGE tags to known expressed sequences shows that more than one third of these tags have multiple matches with many sequences. This problem is especially serious for high-copy tags, on which many target genes identified through SAGE analysis were located. This result raises the question of the correctness of SAGE tags said to represent a unique gene. We have observed that both the length of SAGE tags and the redundancy of the reference database contribute to this problem (S.L., T.C., J.-J.C., G.Z., L. R. Scott, J.D.R., S.M.W., unpublished results). For SAGE tags with multiple matches, a gene assignment based on a tag can be reliable only after confirmation. A proven way to enhance the specificity of SAGE tags is to convert the SAGE tags into 3Ј ESTs with much longer lengths. This increase can be achieved through the GLGI approach (4). Standard reverse transcription-PCR with primers or Northern blot with a probe from one of the matched sequences cannot prove the correctness of the assignment unless all of the matched sequences are tested.
In fact, as we show in Table 5 , many genes in the database are matched by the same SAGE tag. However, not all of the matched genes exist in the initial cDNA material used for SAGE analysis. Therefore, the correctness of each SAGE tag͞gene association in each experiment has to be enforced in a very precise manner in order for the data to be valid. Genes Important for Myeloid Differentiation. Genes that are functionally important for myeloid differentiation include transcriptional factors, growth factors, or specific functional genes (12) . Although we detected a number of genes considered important for myeloid-cell differentiation (Table 5) , some others were not detected in this analysis. The reason for the lack of detection of these genes may be that they might be expressed at low levels, below the detection threshold. Alternatively, these genes might not be expressed in the cells we analyzed. Our studies analyzed gene expression in primary cells, in contrast to other studies with transformed cell lines (16, 17) . It has been observed that the expression pattern can be significantly different between pri- (19) . Further exploration of this mechanism may provide significant insights for monitoring the function of these splice variants.
Genes Highly Expressed in Myeloid Progenitor
Applying SAGE and GLGI Techniques for Gene Identification. On the basis of our data and those of many other SAGE analyses, about half of the SAGE tags from various cell types are novel (6) . Therefore, a large number of genes expressed at low levels in the genome have not been identified despite intensive efforts in the past decades. Further studies on gene identification and gene function need to focus on this category. Current estimates for the gene contents in different genomes are based on computational predictions or some model systems or rely on known gene and EST sequences that are far from complete (20) (21) (22) . Because SAGE can identify genes expressed at low levels that are difficult to detect with other current techniques, its application should provide comprehensive SAGE-tag indices of the expressed genes in various cell types, as shown in SAGE analysis of gene expression in brain (www.nabi.nih.gov͞SAGE). However, the SAGE-tag index itself cannot be converted automatically into the gene index because of the low specificity caused by the short length of SAGE tags and the lack of matches to known expressed sequences for the tags. We have shown that by conversion of the SAGE tags into the longer 3Ј ESTs through GLGI, the SAGEtag index can be converted into a gene index. An important issue for gene identification in the postgenome era is the identification of genes expressed at low levels. The conventional EST approach, or random sequencing of clones from regular cDNA libraries, primarily identifies the genes expressed at high levels, as shown that only thousands of genes can be identified in a library by using this strategy regardless of the large-scale efforts, and most of these genes are already known (23) (24) (25) . Applying the subtraction͞normalization strategy can identify more genes expressed at lower levels, many of which are novel genes (5, 26) . The application of SAGE and GLGI techniques provides tools for identification of genes expressed at low levels, which represent the majority of genes expressed from the genome.
